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ABSTRACT
Observations of the low-mass satellites in the Local Group have shown high fractions of gas-poor,
quiescent galaxies relative to isolated dwarfs, implying that the host halo environment plays an impor-
tant role in the quenching of dwarf galaxies. In this work, we present measurements of the quenched
fractions and quenching timescales of dwarf satellite galaxies in the DC Justice League suite of 4 high-
resolution cosmological zoom-in simulations of Milky Way-mass halos. We show that these simulations
accurately reproduce the satellite luminosity functions of observed nearby galaxies, as well as the vari-
ation in satellite quenched fractions from M∗ ∼ 105 M to 1010 M. We then trace the histories of
satellite galaxies back to z ∼ 15, and find that many satellites with M∗ ∼ 106−8 M quench within
∼ 2 Gyr of infall into the host halo, while others in the same mass range remain star-forming for as
long as 5 Gyr. We show that this scatter can be explained by the satellite’s gas mass and the ram
pressure it feels at infall. Finally, we identify a characteristic stellar mass scale of 108 M above which
infalling satellites are largely resistant to rapid environmental quenching.
Keywords: galaxies: evolution – galaxies: star formation – galaxies: dwarf – galaxies: luminosity
function
1. INTRODUCTION
The shallow potentials of dwarf galaxies make them
uniquely sensitive laboratories for understanding the
physics of galaxy formation. In particular, their sen-
sitivity to their environment makes dwarfs useful in
studying the quenching of star formation. Observations
show that nearly all Local Group (LG) satellites with
M∗ < 108 M are quenched (Wetzel et al. 2015b; Weisz
et al. 2015), while isolated dwarfs are not (Geha et al.
2012). This dichotomy is supported by observations of
the gas content of LG dwarfs, with atomic hydrogen
(HI) undetected in all satellites within 270 kpc of their
host (Grcevich & Putman 2009; Spekkens et al. 2014).
While quenching may act differently outside of the LG
(see Geha et al. 2017), these observations firmly estab-
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lish that the halo environment of a massive LG galaxy
can greatly alter the star-formation of its dwarf satel-
lites.
The rapid removal of cold disk gas by ram pressure
has traditionally been seen as the dominant quench-
ing mechanism, and has been shown to quench infalling
satellites in many simulations (e.g. Murakami & Babul
1999; Mayer et al. 2006; Slater & Bell 2014; Bahe´ &
McCarthy 2015; Kazantzidis et al. 2017; Simpson et al.
2018). Stellar feedback may contribute to this pro-
cess, both by increasing the efficiency of stripping by
expelling and heating central gas (Bahe´ & McCarthy
2015; Kazantzidis et al. 2017) and by reducing the cen-
tral satellite mass and therefore reducing its potential
(Zolotov et al. 2012). Tidal stripping provides another
mechanism by which the satellite potential may be re-
duced, in addition to driving gas loss (Mayer et al. 2006).
Additionally, at higher satellite masses, the suppressed
gas accretion from cosmological inflows due to the pres-
ence of a massive halo may be the dominant mechanism
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quenching satellites (McGee et al. 2014; Wheeler et al.
2014), though on longer timescales. While the effects
of these individual processes are well documented, it re-
mains unclear how they conspire to quench dwarf satel-
lites across different mass scales and environments.
A fruitful metric for disentangling the roles of these
various quenching processes is the timescale on which
quenching occurs. Therefore, many authors have esti-
mated the quenching timescales necessary to reproduce
the high quenched fractions observed in the LG. The
simplest statistical models assume that quenching oc-
curs some “delay time” after the satellite’s accretion into
the virialized volume of host halo. For low-mass satel-
lites (M∗ < 108 M), the LG quenched fractions are
high (& 80%), and can only be reproduced if these de-
lay times are small, on the order of 1–2 Gyr (Slater &
Bell 2014; Fillingham et al. 2015; Wetzel et al. 2015b).
Expanding these models, Weisz et al. (2015) have used
HST imaging to derive star formation histories (SFHs)
and quenching times for 38 LG dwarfs. Combining
these results with estimates of infall times determined
via abundance-matching with simulations, the authors
found that many low-mass LG satellites quench prior
to infall. More recently, Fillingham et al. (2019) have
combined these SFHs with infall times determined from
Gaia proper motions, and found results for low-mass
satellites (105 < M∗/M < 108) generally consistent
with the 1–2 Gyr timescales inferred from the quenched
fractions.
The rapid, 1–2 Gyr quenching timescales for low-mass
satellites suggest the removal of satellite gas by ram-
pressure and tidal stripping, rather than simply by gas
consumption in the absence of accretion. In the lat-
ter case, quenching is expected to occur on the cold
gas depletion timescale, which is typically much longer
than ∼ 2 Gyr for star-forming dwarf galaxies (Huang
et al. 2012; Fillingham et al. 2015). The rapid quenching
timescales for low-mass satellites have been reproduced
in the Auriga suite of cosmological simulations, and ram
pressure appears to be the dominant quenching mecha-
nism in these cases (Simpson et al. 2018). However, ram
pressure alone may not be able to quench satellites on
these rapid timescales (Emerick et al. 2016), and may
require the aid of stellar feedback, outflows, and contin-
ued gas consumption due to star formation. For more
massive satellites, in which ram pressure is likely in-
efficient at removing gas, observational estimates sug-
gest much longer quenching timescales (& 8 Gyr), more
consistent with the gas depletion timescales expected
for quenching driven primarily by a lack of accretion
(Wetzel et al. 2013; Wheeler et al. 2014; Phillips et al.
2015). However, even at these higher masses, satellite
quenching may still be affected by ram-pressure strip-
ping (Bahe´ & McCarthy 2015) and stellar feedback-
driven outflows (McGee et al. 2014). Therefore, while
the quenching timescales for LG satellites are a key con-
straint on quenching processes, determining the relative
roles of different quenching processes requires combining
timescale data with further analysis of the satellites.
At present, most studies of the quenching timescale
are observational in nature, and they use simulations
and abundance-matching techniques only to constrain
the infall times of LG dwarfs (e.g. Wheeler et al. 2014;
Weisz et al. 2015; Fillingham et al. 2019). Such obser-
vations are limited by uncertainties in quenching and
infall times, the number of observable satellites, and
an inability to observe the galaxy at the time of in-
fall. Full hydrodynamic simulations can aid in the in-
terpretation of observations by allowing for more pre-
cise measurements of quenching and infall times and
the direct measurement of various satellite properties
during their accretion, such as ram-pressure stripping
(Simpson et al. 2018) and morphological transformation
(Kazantzidis et al. 2017). Such work can also be com-
bined with a broader analysis of satellite properties in
simulated galaxies, such as their SFHs (Wetzel et al.
2016; Garrison-Kimmel et al. 2019; Digby et al. 2019),
radial distribution (Garrison-Kimmel et al. 2017; Rich-
ings et al. 2020; Samuel et al. 2020), velocity alignment
(Riley et al. 2019), velocity dispersion (Buck et al. 2019),
and kinematics (Brooks & Zolotov 2014) to produce a
more complete picture of host-satellite interaction. To-
gether, these results paint a picture in which interactions
between the satellite and the host galaxy’s circumgalac-
tic medium and gravitational potential are responsible
for not only shaping the satellite’s SFH but also their
structure, even to the point of disruption. Nevertheless,
many of the simulations that have been used to analyze
satellite quenching achieve high resolution only by fo-
cusing on individual satellites (e.g. Mayer et al. 2006;
Emerick et al. 2016; Kazantzidis et al. 2017), and others
that simulate larger cosmological volumes must do so at
the cost of resolution (e.g. Bahe´ & McCarthy 2015).
Simulating satellites within the larger host environ-
ment is critical for facilitating comparisons to obser-
vations, and high resolution is important for modeling
quenching across the full range of dwarf satellite masses.
Therefore, we analyze here the DC Justice League suite
of simulations: four cosmological zoom-in simulations of
Milky Way-mass galaxies, run at sufficiently high reso-
lution that all classical dwarf galaxies are resolved with
at least 50 star particles. This “near-mint” resolution is
comparable to that of the NIHAO ultra high-resolution
simulations (Buck et al. 2019), and the central halos
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Table 1. Host Halo Properties at z = 0
Simulation Mvir (M) Rvir (kpc) MHI (M) MR (AB mag) M∗,R (M)a M∗,sim (M)b sSFR (yr−1)c
Sandra 2.7× 1012 432 1.4× 1010 −23.1 1.2× 1011 1.9× 1011 8.3× 10−11
Ruth 1.3× 1012 340 1.9× 1010 −22.2 5.3× 1010 1.0× 1011 5.3× 10−11
Sonia 1.2× 1012 333 2.2× 1010 −21.9 3.8× 1010 9.0× 1010 3.1× 10−11
Elena 8.3× 1011 293 4.6× 108 −22.2 5.2× 1010 9.0× 1010 6.4× 10−11
aStellar mass derived from the Johnson-Cousins R-band assuming a mass-to-light ratio of 1.
bStellar mass calculated directly from the simulation.
cAverage rate of star formation over the past 100 Myr divided by the actual stellar mass of the galaxy.
contain over a million dark matter particles and be-
tween 34 and 94 million total particles. Simpson et al.
(2018) similarly measured the quenching timescales of
dwarf satellites around Milky Way-mass galaxies. They
found a strong trend in the quenched fraction versus stel-
lar mass, with a transition threshold between primarily
quenched to primarily star-forming of M∗ ∼ 108 M.
Below this mass threshold, most galaxies quenched on
timescales. 1 Gyr and ram-pressure stripping was ubiq-
uitous. While Simpson et al. (2018) includes a larger
sample of host galaxies than that presented here, we
provide higher resolution. We also model stellar feed-
back through the locally-dependent blastwave prescrip-
tion as opposed to a phenomenological wind model, and
we allow for the natural formation of a multiphase ISM,
rather than employ a two-phase subgrid model. The
latter is particularly important for reproducing the re-
sistance of the cold molecular ISM to ram-pressure strip-
ping (Tonnesen & Bryan 2009).
In this paper, we compare the satellite quenched frac-
tion as a function of stellar mass to observations of
the LG and beyond, and we determine the quenching
timescales for individual dwarf satellites as a function of
their mass. By analyzing the properties of the satellites
at their time of accretion in relation to their quenching
timescales, we infer the mass regimes over which differ-
ent quenching processes likely dominate. The structure
of the paper is as follows. In §2 we present the suite of
simulations. In §3 we validate the simulations with com-
parisons to observations and discuss differences. In §4
we present the quenching and infall times of our dwarf
satellites and discuss the roles of different quenching pro-
cesses. We summarize our conclusions in §5.
2. METHODS
We conduct our analysis on the DC Justice League
suite of 4 “near-mint”-resolution, cosmological zoom-
in, smooth particle hydrodynamics (SPH) simulations
of Milky Way-mass disk galaxies and their surround-
ings. The properties of the host halos in the Justice
League simulations are shown in Table 1. These sim-
ulations were previously introduced in Bellovary et al.
(2019). Here we discuss the simulation code and the
post-processing analysis conducted on the simulation
output.
2.1. Simulations
All simulations were generated using the tree+SPH
code ChaNGa (Menon et al. 2015), which scales effi-
ciently up to 100,000 cores. ChaNGa is the succes-
sor to the N-body gravity-tree code PKDGRAV (Stadel
2001) and SPH code gasoline (Wadsley et al. 2004,
2017). ChaNGa models Kelvin-Helmholtz instabilities
in shearing flows by using the geometric mean density
in the SPH force expression (Ritchie & Thomas 2001;
Keller et al. 2014). This method generally minimises
numerical surface tension associated with density dis-
continuities, including those found in Kelvin-Helmholtz
instabilities. Correctly modeling the instabilities and
shocks of the satellite halo gas as it passes through the
host galaxy CGM is key to correctly modeling the gas
loss rates due to ram pressure stripping (Quilis et al.
2000). ChaNGa also allows for thermal diffusion across
gas particles with a thermal diffusion coefficient of 0.03
(Shen et al. 2010).
The simulations were integrated from z = 149 to z = 0
in a fully cosmological context assuming Planck 2015
cosmological parameters (Ω0 = 0.3086, Ωb = 0.04860,
Λ = 0.6914, h = 0.67, σ8 = 0.77; Planck Collaboration
et al. 2016). In order to achieve high resolution while
maintaining the effects of the large-scale environment,
the initial conditions were generated using the “zoom-
in” volume renormalization technique (Katz & White
1993). The main halos were selected from 503 Mpc3
dark matter-only volumes to span a range of merger
histories and spin parameters. The highest-resolution
4 Akins et al.
Sonia 500 kpc
Sandra
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Dark Matter Density [M¯ kpc−3]
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Gas Density [M¯ kpc−3]
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Stellar Density [M¯ kpc−3]
Figure 1. Density plots of dark matter (left), gas (middle), and stars (right) in Sonia (top) and Sandra (bottom) at z = 0.
In each panel, the central disk is aligned face-on and the densities are averaged along the line-of-sight. Dark matter halos are
outlined in the left panel, and the central halo is outlined for both gas and stars. Satellite (central) galaxies are shown as dashed
(solid) lines, and quenched (star-forming) galaxies are shown in red (blue). Several dwarf satellites can be seen, many of which
are gas-poor and quenched.
region extends to ∼ 1.5 times the z = 0 virial radius of
the main halo. The simulations have a force softening
resolution of 170 pc. Dark matter particle masses are
4.2×104 M, gas particle masses are 2.7×104 M, and
star particles form with masses of 8000 M.
ChaNGa follows non-equilibrium abundances of H
(including H2) and He species. The integration of these
chemical species and the associated heating and cool-
ing is described in Christensen et al. (2012) and refer-
ences therein. Photoionization and heating rates are im-
plemented using a uniform, time-dependent cosmic UV
background adapted from Haardt & Madau (2012). In
this model, cosmological HII regions overlap at z ∼ 6.7
(13 Gyr ago), indicating the completion of reionization.
We note that this model is known to ionize and heat the
intergalactic medium too early, which primarily affects
gas thermodynamics for z > 6 (On˜orbe et al. 2017).
Cooling beyond that from hydrogen and helium is pro-
vided by metal lines assuming photoionization equilib-
rium (Shen et al. 2010). Oxygen and iron are tracked
independently, and metals are diffused across particles
based on a subgrid turbulent mixing model (Shen et al.
2010) with a metal diffusion constant of 0.03.
Star particles represent simple stellar populations with
a Kroupa (2002) initial mass function. Star formation in
ChaNGa is implemented probabilistically according to
local H2 abundance, gas density, and gas temperature,
as described in Christensen et al. (2012). Briefly, the
star formation efficiency factor is given by c∗ = 0.1fH2 =
0.1
XH2
XH2+XHI
, where XHI and XH2 are the mass fraction
of atomic and molecular hydrogen, respectively. Star
formation is only allowed for particles with temperatures
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< 103 K and densities > 0.1 amu cm−3, although these
constraints are largely superseded by the dependency of
c∗ on H2, and most stars form at densities > 100 amu
cm−3.
Energy from Type II supernovae (SNe II) is dis-
tributed as thermal energy to surrounding gas parti-
cles according to the “blastwave” model (Stinson et al.
2006), assuming ηSN = 1.5× 1051 ergs released per SN.
Cooling of the affected gas particles is temporarily dis-
abled to match the theoretical timescale of the “snow-
plow” phase of the supernova (McKee & Ostriker 1977),
avoiding the rapid radiative cooling that would render
feedback negligible. This SNe feedback model provides
the entirety of stellar feedback as radiative pressure (e.g.
Stinson et al. 2012; Hopkins et al. 2014) and other forms
of early stellar feedback are not separately included.
This stellar feedback model relies entirely on the local
properties of the gas, rather than the overall halo poten-
tial, but still produces mass-loading factors consistent
with energy-driven winds (Christensen et al. 2016). It
has been critical for reproducing the observed properties
of dwarf galaxies, including cored dark matter profiles
(Governato et al. 2010), and reconciling the Too Big To
Fail problem (Brooks & Zolotov 2014). Energy and met-
als from SNe Ia are also deposited in gas particles within
a smoothing kernel, but cooling is not disabled. Stellar
winds also return mass, at the metallicity of the star
particles, to gas particles within the smoothing kernel
assuming the mass loss rates from (Weidemann 1987).
This version of ChaNGa also includes supermassive
black hole formation (Bellovary et al. 2011), growth,
mergers, and feedback (Tremmel et al. 2017). However,
none of the black holes accrete at high enough rates dur-
ing their history for black holes to play a critical role in
the quenching of star formation (Bellovary et al. 2019).
2.2. Post-processing Analysis
In order to select individual galaxies from simulation
snapshots, we use amiga’s halo finder (Knollmann
& Knebe 2009), which identifies regions of over-density
and assigns halo ownership to gravitationally bound par-
ticles. We compute the virial radius (Rvir) of each halo
as the radius at which the enclosed density drops below
200 times the background density, ρb = ΩMρcrit. Galaxy
properties are calculated from all particles within the
virial radius, excluding subhalos. Table 1 shows basic
z = 0 properties of the host galaxies in the 4 Justice
League simulations, which are named Sandra, Ruth, So-
nia, and Elena. All four galaxies have disk morphology
at z = 0 but have different masses and merger histo-
ries. Most dramatically, Elena experienced a merger at
z ∼ 0.5, which led to its low z = 0 HI mass, although
it retains a low-surface brightness disk. Figure 1 shows
line-of-sight averaged density plots of the dark matter,
gas, and stars in Sandra and Sonia.
For each Justice League simulation, we use the
database-generation software tangos (Pontzen &
Tremmel 2018) to track particles across snapshots and
generate merger trees for all halos containing stars at
z = 0. For each halo, we determine the major progen-
itor, defined as the halo which contains the majority
of dark matter particles from the corresponding halo in
the subsequent snapshot, back to z ≈ 15. We limit the
merger tree to progenitor halos with > 1000 dark matter
particles, corresponding to a halo mass of ∼ 107 M, ap-
proximately the resolution limit of our simulations. All
further analysis is conducted in Python using the pyn-
body package (Pontzen et al. 2013).
3. OBSERVATIONAL COMPARISONS
3.1. Satellite Luminosity Functions
Figure 2 shows the cumulative satellite luminosity
functions (LFs) of our four Justice League simulations,
alongside observed LFs for nearby host-satellite systems.
While we show the LFs down to MV ∼ −4, we focus our
analysis on satellites above our resolution limit, which
encompasses the “classical dwarfs” (MV brighter than
−8). The “mint”-resolution runs of these same simula-
tions, with roughly eight-times-higher mass resolution,
are in progress, and preliminary results indicate that the
LFs match these down to MV ∼ −7 (Applebaum et al.,
in prep). To aid in the comparison to observations, we
list the stellar masses of the simulated galaxies as they
would be calculated from MR assuming a mass-to-light
ratio of 1. The actual stellar masses of the simulated
galaxies may be found in Table 1.
Although the LFs of our simulations vary widely (from
∼ 5 to ∼ 25 satellites brighter than MV ∼ −8), they
are consistent with the range of observed LFs for MW-
analog hosts. The LFs of our simulated sample are
roughly ordered by host halo mass, with the more mas-
sive halos generally hosting more satellites with a magni-
tude of MV ∼ −8 or brighter, as expected (Trentham &
Tully 2009; Nickerson et al. 2013; Carlsten et al. 2020).
Additionally, our simulations are not susceptible to the
missing satellite problem (Klypin et al. 1999), as we do
not see systematic overproduction of luminous satellites.
While each galaxy hosts on the order of 10-50 dark mat-
ter subhalos with Mvir > 10
8 M, the occupation frac-
tion for the least massive halos (Mvir < 10
8 M) is low,
with < 5% of halos hosting > 10 star particles. This low
occupation fraction is a result of the inclusion of bary-
onic physics in the simulation, which has been shown to
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reduce the number of luminous satellites (Brooks et al.
2013) by core-creation and/or tidal stripping.
The most populous system, Sandra, is consistent with
the LFs of the most massive galaxies: the star-forming
disk galaxies M31 (McConnachie 2012) and M81 (Chi-
boucas et al. 2013), and the elliptical radio galaxy, Cen-
taurus A (Crnojevic´ et al. 2019). As a star-forming
disk galaxy with a strong central bar, Sandra is more
similar in morphology to M31 and M81 than Centau-
rus A. Its 2.7 × 1012 M virial mass is also closer to
the orbital masses of M31 and M81 (1.76 × 1012 and
4.89× 1012 M, respectively) than that of Centaurus A
(6.71 × 1012 M; Karachentsev & Kudrya 2014). The
moderate mass hosts, Ruth and Sonia, have LFs most
consistent with the MW (McConnachie 2012) and M101
(Bennet et al. 2019), and their spiral morphologies and
virial masses are likewise similar to those of the MW
(Morbit = 1.47 × 1012 M; Karachentsev & Kudrya
2014) and M101 (Morbit = 1.35× 1012 M; Karachent-
sev & Kudrya 2014). The least massive host, Elena,
has a LF consistent with the unique and sparsely pop-
ulated M94 system (Smercina et al. 2018). However,
it differs both in its virial mass, which is less than a
third of the 2.67 × 1012 M orbital mass measured for
M94 (Karachentsev & Kudrya 2014), and its morphol-
ogy. Unlike the other hosts in our sample, Elena is un-
dergoing quenching due to a merger at z ∼ 0.5 and
now contains an extended low surface brightness disk.
Therefore, a larger sample of lower stellar mass satellite
hosts may be necessary to identify a better analogue for
Elena.
3.2. Quenched Fractions
To further ensure that our star-formation model ac-
curately reproduces observed quenching in dwarf galax-
ies, we also measure the mass trend in the fraction of
quenched satellites. Here, and throughout this paper,
we define a “quenched” galaxy as one with a specific
star-formation rate (sSFR = SFR/M∗) of < 10−11 yr−1,
where we define the SFR as the average rate of star for-
mation within the Amiga-identified halo over the past
100 Myr. Analysis of the star formation histories in-
dicates that while it is possible for satellites to drop
below this threshold only temporarily, in almost all
cases it indicates a genuine period of quiescence with
SFR = 0 M yr−1 for & 1 Gyr. This choice of thresh-
old has been adopted by many other studies using sim-
ulations (e.g. Bahe´ & McCarthy 2015; Pallero et al.
2019), and some observational studies use this thresh-
old with spectroscopically derived measures of the sSFR
(e.g. Wetzel et al. 2013). Other observational studies
define quenching directly from spectroscopic parame-
−4 −6 −8 −10 −12 −14 −16 −18 −20
MV
100
101
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M
V
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M81 (8.5)
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M31 (5.4)
M101 (5.3)
MW (5.0)
M94 (4.0)
Sandra (11.9)
Ruth (5.3)
Sonia (3.8)
Elena (5.2)
Figure 2. Cumulative satellite luminosity functions for
the Justice League simulations. Red/orange lines show
simulated LFs, with thin lines extending below the high-
resolution limit of 50 star particles. Observational lumi-
nosity functions, presented for comparison, are shown with
blue/purple and in dashed/dotted lines. Observational data
comes from the updated version of the McConnachie (2012)
catalog for the MW and M31, Crnojevic´ et al. (2019) for
Centaurus A, and Bennet et al. (2019) for M101. For M94,
we include the two satellites recently discovered by Smercina
et al. (2018), along with two previously known satellites KK
160 and IC 3687 (Crnojevic´ et al. 2019). Data for M81 comes
from Chiboucas et al. (2013) and includes the recently dis-
covered satellite from Smercina et al. (2017), using the Mr′
to MV conversion provided by Crnojevic´ et al. (2019). Values
in parentheses are the host galaxy’s stellar mass, in 1010 M.
For the Justice League hosts, the stellar mass is derived from
the Johnson-Cousins R-band luminosity assuming a mass-to-
light ratio of 1.
ters, specifically Hα emission and the Dn4000 index (e.g.
Geha et al. 2012, 2017). Alternatively, spectroscopic in-
formation may be used to estimate the atomic hydrogen
richness MHI/M∗ in dwarfs, a useful indicator of star for-
mation (e.g. Grcevich & Putman 2009; Spekkens et al.
2014; Wetzel et al. 2015b). To facilitate observational
comparisons, we computed the best-fit power-law rela-
tionship between the sSFR and atomic hydrogen rich-
ness in our simulations and found that our sSFR thresh-
old corresponds to MHI/M∗ ≈ 0.2.
Figure 3 shows the fraction of quenched satellites in
each of the Justice League simulations, in 1 dex bins of
stellar mass. In order to avoid sample contamination
by galaxies far from the central host, we restrict our
study to galaxies within the virial radius of their host
halo. While we note that the virial radii of our hosts
are generally larger than the 300 kpc estimate typically
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Figure 3. Quenched fractions for Justice League satellites
in 1 dex bins of stellar mass. Points are offset from the
center of the bin to make them distinguishable. Individ-
ual simulations are indicated with points of varying shape,
while the solid line represents the total for all four simula-
tions. All simulated data are limited to galaxies with more
than 50 star particles, and error bars represent 68% uncer-
tainty in the binomial proportion via the Wilson Score In-
terval (Wilson 1927). Observational data from Geha et al.
(2017, G+17), McConnachie (2012, M12), Weisz et al. (2015,
W+15), and Karachentsev et al. (2013, K+13, as compiled
by Weisz) are presented for comparison. Shaded regions rep-
resent the given uncertainty in observed quenched fractions.
Our data generally agree with observations of the LG and
other nearby galaxies, and a relationship between quenched
fraction and galaxy mass is apparent.
used for the MW, our results are not sensitive to this
choice as we find few satellites at large radial distances.
Actual satellite stellar masses from the simulations are
reported on this plot.
Observational data from McConnachie (2012),
Karachentsev et al. (2013), Weisz et al. (2015), and Geha
et al. (2017) are shown for comparison. These studies
cover different samples of satellite populations: while
McConnachie (2012) and Weisz et al. (2015) sample LG
satellites, the Nearby Galaxy Catalog (Karachentsev
et al. 2013) includes satellites of hosts out to 11 Mpc
and the Satellites Around Galactic Analogs (SAGA)
survey (Geha et al. 2017) includes satellites of hosts be-
tween 20 and 40 Mpc away. For the McConnachie (2012)
LG sample, we define the quenched fraction as the frac-
tion of satellites within 300 kpc of their host and with
MHI/M∗ < 0.2, the HI threshold that best corresponds
to our sSFR threshold. We note that this threshold
produces identical quenched fractions as the threshold
of 0.1 adopted by Fillingham et al. (2015) and Wetzel
et al. (2015b). Weisz et al. (2015) also use a 300 kpc ra-
dius to classify satellites in the LG, and use the absence
of detected HI to define a satellite as quenched. Data
from the Nearby Galaxy catalog (Karachentsev et al.
2013) is also compiled in Weisz et al. (2015). Quenching
for this sample is based on galaxy morphological type
T (a numerical code according to classification by de
Vaucouleurs et al. 1991). Galaxies with T < 0 (largely
dSph) are classified as quenched, whereas galaxies with
T > 0 are not. For some dwarfs with transitioning
morphological types (dTrans), this definition becomes
ambiguous. As such, the upper/lower bounds for the
Karachentsev et al. (2013) line in Figure 3 represent
quenched fractions with all/none of the dTrans galaxies
classified as quenched. Finally, Geha et al. (2017) define
a satellite as quenched if its spectrum shows no Hα
emission. We have verified using the radiative transfer
code Sunrise (Jonsson et al. 2010) that, in all cases
but one, our star forming galaxies above the SAGA
completeness limit of Mr < −12.3 also have detectable
Hα emission and our quenched galaxies do not. In con-
verting the Mr < −12.3 of the satellites reported by
SAGA to stellar masses, we used the average mass-to-
light ratio for our simulated galaxies with Mr < −12.3:
M∗/L∗ = 1.66 M/L.
Figure 3 shows generally good agreement between
quenched fractions in the Justice League simulations
and nearby galaxy observations. Our simulations fall
within the range of observations, fitting the data from
McConnachie (2012) well at low masses and Weisz et al.
(2015) and Karachentsev et al. (2013) better at higher
masses. Given the widely varying samples of satel-
lites in these observations, it is startling that our re-
sults agree as well as they do, and suggest that mor-
phology and HI content are well correlated with star-
formation rates. Our results are also remarkably con-
sistent with the simulations presented in Simpson et al.
(2018), despite substantial differences in physical pre-
scriptions used. Specifically, separately resolving the
multi-phase ISM, as we do here, does not appear to have
significantly changed the quenched fractions compared
to their use of a two-phase sub-grid model for the ISM.
Figure 3 also highlights variation between the individ-
ual Justice League simulations. The quenched fractions
of satellites around the individual hosts vary widely, par-
ticularly at stellar masses of ∼ 107−8 M. This halo-to-
halo scatter is consistent with observed variations across
the MW and M31, where we see drastic differences in
quenched fractions. At M∗ ∼ 108−9 M, all M31 satel-
lites (M32 & NGC 205) are quenched, while all MW
satellites (the Magellanic clouds) are star-forming (Mc-
Connachie 2012).
3.3. Comparisons to the SAGA Survey
8 Akins et al.
While the quenched fractions of satellites of different
stellar masses in our simulations are consistent with ob-
servations of the LG and other nearby galaxies, there
is tension with first results of the SAGA survey (Geha
et al. 2017). Although individual simulated halos such
as Elena (and, potentially, Ruth) are consistent with
the quenched fractions of the SAGA survey, our sam-
ple as a whole contains more quenched galaxies with
M∗ ∼ 107−8 M than SAGA thus far (Figure 3). While
a full analysis must wait until the complete SAGA re-
sults, we discuss possible explanations for the differing
quenched fractions here.
In order to produce a more detailed and fair compari-
son to SAGA, we estimate SDSS r-band magnitudes for
the simulated satellites using PARSEC (Bressan et al.
2012) isochrones and calculate the Hα emission (the star
formation tracer SAGA uses) with the radiative transfer
code Sunrise (Jonsson et al. 2010, though we caution
that different assumptions about stellar population and
radiative transfer models may produce slightly different
results). SAGA has a completeness limit of Mr = −12.3,
which corresponds to M∗ ∼ 106 M for star-forming
galaxies and ∼ 107 M for quenched galaxies. Of the
27 satellites observed by SAGA brighter than this limit,
26 are actively star-forming. Our simulated sample in-
cludes 26 satellites with Mr < −12.3, 19 of which are
star-forming and 18 of which are predicted to have Hα
emission. This difference in quenched fraction is con-
centrated at the faint-end, and our brightest quenched
satellite has an Mr = −14.5.
Differences between SAGA hosts, the LG, and the host
galaxies in our sample may explain some or all of this
discrepancy in the satellite quenched fraction. First,
host virial masses are difficult to constrain observation-
ally, and it is possible that the SAGA sample may em-
phasize a lower range of halo masses than the LG or our
simulated sample. Lower-mass host galaxies are known
to have lower fractions of quenched satellites (Wetzel
et al. 2012; Phillips et al. 2015; Bahe´ & McCarthy 2015),
which may help explain the lack of quenching among
SAGA satellites. Indeed, our least-massive Milky Way
analog, Elena (Mvir = 8.5× 1011 M), has no quenched
satellites with M∗ ∼ 107 –108 M, similar to what is
observed for SAGA galaxies.
Second, the host halo’s environment may affect its
fraction of quenched satellites through group preprocess-
ing (Wetzel et al. 2015a), which may be more prevalent
around higher-mass hosts (Jung et al. 2018). The Milky
Way-Andromeda system is somewhat uniquely situated
as a close pair. In contrast, while not explicitly dis-
barring a Milky Way-Andromeda like system, the selec-
tion criteria for SAGA hosts emphasizes relative isola-
tion in order to reduce uncertainty in identifying satel-
lites. Specifically, no galaxy brighter than MK + 1 of
the host galaxy magnitude could be within 1◦ of the
host. Nor could a massive (> 5 × 1012 M) galaxy be
within two virial radii of the SAGA hosts. Our simu-
lated sample of host galaxies are more isolated than the
LG: none are in a close pair and the distances to the clos-
est galaxies with Mvir > 10
11.5 M are 1.68 Mpc (San-
dra), 2.37 Mpc (Ruth), 2.55 Mpc (Sonia), and 6.14 Mpc
(Elena). While our higher-mass hosts may be in richer
environments than the SAGA galaxies, more consistent
with the LG, the particular isolation of Elena is more
consistent with SAGA. This is similar to the isolated,
sparsely-populated systems M94 and M101, which have
quenched fractions consistent with SAGA hosts (Bennet
et al. 2019). This result suggests a relationship between
host halo mass, environment, number of satellites, and
satellite quenched fraction that may help to explain the
SAGA results.
Finally, we stress that the completeness limit of
the SAGA survey likely precludes detection of fainter
quenched satellites. Our simulations, in agreement with
data from the LG, suggest that satellites of MW-analog
hosts transition from primarily star-forming to primar-
ily quenched at lower masses. While the precise mass
at which this transition occurs may be different in the
SAGA hosts, it likely lies near the completeness limit for
quenched galaxies. Furthermore, the satellite luminos-
ity functions of the SAGA hosts generally show fewer
faint (−12.3 > Mr > −14) satellites than recent ob-
servations of the Local Volume (Carlsten et al. 2020).
This, combined with the fact that the discrepancy be-
tween our results and those of SAGA is concentrated at
Mr > −14.5, suggests that the early SAGA results may
be missing quenched satellites near their completeness
limit. We predict that more complete observations in
this transition range, and deeper observations fainter
than Mr = −12.3, will uncover a trove of quenched
satellites. The complete SAGA survey of ∼ 100 hosts
will provide valuable observational data for understand-
ing the efficiency of quenching outside of the LG, and
a detailed comparison between SAGA and simulations,
including this sample, is also being conducted in Mao et
al. (in prep).
4. QUENCHING TIMESCALES
In this section, we present the relative times of quench-
ing and infall for the Justice League satellites discussed
above. The quenching timescale, commonly defined as
the time a satellite remains star-forming after infall,
measures the efficiency of environmental quenching and
may hint at the underlying quenching processes.
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4.1. Timescale Definitions
We define the quenching time (tquench) as the look-
back time at which a galaxy’s sSFR last crossed be-
low 10−11 yr−1. To determine tquench, we compute
each galaxy’s star formation history as the instantaneous
sSFR of the main progenitor over time. Uncertainties
in tquench are computed from the quenching times with
different choices of sSFR threshold, namely 0 yr−1 and
2 × 10−11 yr−1. This is intended to flag those galaxies
that undergo particularly slow quenching, for which the
exact quenching epoch is difficult to constrain.
Using a sSFR threshold to define quenching follows
the methodology used in §3 to determine the fraction
of satellites that are quenched, and we have demon-
strated that this definition yields results in agreement
with observations. However, it is difficult to determine
the historical values of sSFR through observations; in-
stead, many observers define the quenching time as t90,
the lookback time at which a galaxy formed 90% of its
present-day stellar mass (e.g. Weisz et al. 2015; Filling-
ham et al. 2019). As a check, we also compute t90 for
our satellites. Though not shown, adopting this defini-
tion does not qualitatively change our results, as the t90
values are on average 1.32 Gyr earlier than tquench.
We define the infall time (tinfall) as the lookback time
to the subhalo’s first crossing of its host’s virial radius
(Rvir). While many galaxies fall within 1 Rvir multi-
ple times, we use the first crossing as the traditional
picture of stripping-dominated quenching attributes the
majority of gas removal to the first pericentric passage
(Slater & Bell 2013). As with tquench, uncertainties are
computed by varying the choice of threshold, namely
from 0.9 to 1.1 Rvir. For both infall and quenching
times, these uncertainties are added in quadrature with
the systematic uncertainty from the mean difference in
snapshot times.
4.2. Results
Figure 4 shows tquench vs. tinfall for all quenched satel-
lites surviving to z = 0 in the Justice League sim-
ulations. Galaxies falling to the right of the diago-
nal line on this plot were quenched after infall, while
those to the left were quenched prior to infall. We see
that many of the lowest-mass galaxies quench early on
(tquench & 9 Gyr), but with little correlation to infall
time, indicating that quenching occurred independently
of the larger halo. This is likely a result of reionization
(Brown et al. 2014; Rodriguez Wimberly et al. 2019) or
heating from the UV background, which peaked around
z ∼ 2 (Haardt & Madau 2012). The lone high-mass
(M∗ ∼ 3× 107 M) galaxy that quenches this early ex-
perienced a period of intense starburst early in the Uni-
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Figure 4. Lookback quenching time (tquench) vs. lookback
infall time (tinfall) for all quenched galaxies surviving to
z = 0 above our resolution limit. Error bars indicate
sensitivity to the choice of threshold; that is, upper (lower)
limits for quenching time use 2× 10−11 yr−1 (0 yr−1) rather
than 10−11 yr−1, and upper (lower) limits for infall time use
1.1 (0.9) Rvir rather than 1 Rvir. Error bars also include
systematic uncertainty from the mean difference between
snapshot times. Points are colored by stellar mass. The
dashed line divides the plot into quenching before infall
(left) and after infall (right). The dot-dash line indicates
the end of reionization, while the dotted line indicates the
epoch of the peak UV heating rate (z = 2). Many satellites
quench after infall, and those that quench before infall do
so largely independent of their infall time.
verse, reaching a peak SFR of ∼ 0.1 M yr−1 and likely
consuming the bulk of its gas. Importantly, we also see a
population of predominantly higher-mass galaxies that
quench after infall into the host halo (along and to the
right of the diagonal line), to be discussed later.
Figure 4 also shows a few satellites that quench shortly
before infall into their host halo (just to the left of the di-
agonal line and with tquench . 8 Gyr). The lowest-mass
galaxy of these four (M∗ ∼ 106 M) is a reionization fos-
sil that experienced momentary reignition prior to infall,
but all seem to feel the effects of environment beyond
1 Rvir. This extended environmental effect likely comes
from some combination of group preprocessing (Wet-
zel et al. 2015a), unique elliptical orbital trajectories
(Simpson et al. 2018), and direct ram-pressure stripping
from gas filaments (Bahe´ et al. 2013), and may be able
to reignite quenched satellites in addition to quenching
star-forming ones (Wright et al. 2019).
While some galaxies certainly do quench prior to in-
fall, higher-mass galaxies typically quench shortly af-
ter. This mass dependence is more readily appar-
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Figure 5. Quenching timescale (tinfall − tquench) vs. stellar
mass. For galaxies that are quenched at z = 0 (red circles),
the timescale represents the time after infall until quenching,
i.e. negative values indicate quenching prior to infall. For
galaxies that are star-forming at z = 0 (blue diamonds), this
is the lookback infall time and can be interpreted physically
as a lower limit on the possible quenching timescale. As
in Figure 4, error bars indicate threshold variation and sys-
tematic uncertainty (added in quadrature) and galaxies with
less than 50 star particles are excluded. Observational esti-
mates from Fillingham et al. (2015), Wetzel et al. (2015b),
and Wheeler et al. (2014) are shown in black squares, grey
squares, and orange hexagons, respectively. An estimate of
the quenching timescale for the SMC/LMC system is shown
in purple, using the infall time estimate from Kallivayalil
et al. (2013). A clear stellar mass threshold of ∼ 108 M
(indicated with a dot-dash line) is apparent, above which our
satellites are largely resistant to rapid environmental quench-
ing.
ent in Figure 5, which shows the quenching timescale
tinfall − tquench vs. stellar mass. Galaxies which have
become satellites but remain star-forming at z = 0
are shown on this plot, as their lookback infall time
can be interpreted as a lower limit on the potential
quenching timescale. Many of the lowest-mass satel-
lites (M∗ . 3×106 M) quench long before infall, likely
due to cosmic reionization in the early universe (Brown
et al. 2014; Weisz et al. 2014; Rodriguez Wimberly et al.
2019).
A second stellar mass threshold of ∼ 108 M is appar-
ent in Figure 5, above which satellites can remain star-
forming for as much as ∼ 7 Gyr after infall. The implied
lower limits on the quenching timescales are consistent
with the unquenched Magellanic clouds, which experi-
enced infall ∼ 1.5 Gyr ago (Kallivayalil et al. 2013, their
Figure 11). Additionally, these lower limits are consis-
tent with observations of higher-mass dwarfs from the
NSA/SDSS catalog, which show long timescales and in-
efficient environmental quenching (Wheeler et al. 2014).
It is true that satellites that remain star-forming after
infall can continue to build up stellar mass and will con-
sequently have higher z = 0 stellar masses than those
that quench. However, this stellar mass threshold ap-
pears to be primarily based on the properties of the
galaxies at infall, rather than being a side-effect of star
formation histories after infall. As we show and discuss
in §4.3, the galaxies that remain star-forming to z = 0
typically have higher gas fractions and halo masses at in-
fall. Only two of our satellites withM∗(z = 0) > 108 M
have M∗(tinfall) < 108 M, and these are the two lowest-
mass satellites above our z = 0 threshold. The remain-
ing high-mass satellites all form . 40% of their z = 0
stellar mass in the time since infall.
In contrast, for intermediate-mass satellites (M∗ ∼
106−8 M), we predominantly see rapid quenching
timescales of . 2 Gyr. This is consistent with obser-
vational estimates of LG timescales from Wetzel et al.
(2015b) and Fillingham et al. (2015, 2019) and the sim-
ulations of Simpson et al. (2018). Wetzel et al. (2015b)
and Fillingham et al. (2015) use LG quenched fractions
and semi-analytical models of quenching to infer the
quenching times of LG satellites. They combine these in-
ferred quenching times with infall times estimated from
the ELVIS (Garrison-Kimmel et al. 2014) simulations to
determine the timescales reported on Figure 5. Our re-
sults broadly agree with the averages provided by Wetzel
et al. (2015b) and Fillingham et al. (2015).
Though the rapid quenching timescales we see in the
Justice League simulations reaffirm LG observations, it
is important to recognize the spread in the timescale
at a given stellar mass. Figure 5 also shows several
intermediate-mass satellites that take more than 2 Gyr
to quench. These galaxies, despite being relatively low
in mass (M∗ < 108) are able to maintain high sSFRs
for as much as 5 Gyr after infall. These quenching
timescales are generally within the uncertainty range
provided by Wetzel et al. (2015b). We note that one
of these satellites experiences some ongoing, but bursty
star formation in the 4 Gyr since infall, and could be
considered to have quenched earlier (see §4.3). The few
unquenched intermediate-mass satellites, which have no
LG analog, accreted recently (. 1 Gyr ago), and the
lower limits on their quenching timescales are largely
consistent with the timescales estimated for this mass
range by Fillingham et al. (2015).
The M∗ ∼ 108 M threshold seems to indicate a char-
acteristic mass scale at which the efficiency of the dom-
inant quenching process changes. As we discuss in the
following section, some gas removal process (likely ram-
pressure stripping) dominates the quenching of galaxies
with M∗ ∼ 106−8 M. For higher mass galaxies, we
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argue that this process becomes much less efficient at
removing gas, allowing for extended star formation fol-
lowing the satellite’s accretion.
4.3. Quenching Processes
The quenching timescales of the Justice League satel-
lites are generally consistent with those of LG satellites
and can thus provide insight into the quenching pro-
cesses at play. Timescales of . 2 Gyr for intermediate-
mass satellites (M∗ ∼ 106−8 M) imply the role of an
efficient environmental quenching process at this mass
range. A likely candidate for this process is ram-pressure
stripping, which has been shown to rapidly remove gas
from infalling satellites (Slater & Bell 2014; Wheeler
et al. 2014; Wetzel et al. 2015b) and is particularly
efficient in combination with SNe feedback (Caproni
et al. 2015; Bahe´ & McCarthy 2015; Kazantzidis et al.
2017). However, our results do not show universally
rapid timescales: several satellites in this same mass
range take ∼ 5 Gyr to quench. To help explain this
scatter in the context of quenching processes, we intro-
duce Figure 6, which shows the quenching timescale as
it relates to halo mass, gas mass, and ram pressure at
infall. In this plot, we show only those satellites that
quench environmentally, defined as having tquench < 9.5
Gyr ago and a quenching timescale > −2 Gyr. In each
panel, open circles show star-forming satellites whose
quenching timescales are lower limits.
The left panel shows the quenching timescale vs. stel-
lar mass, with points colored by the satellite’s halo mass
at infall. The center panel also shows the quenching
timescale vs. stellar mass, this time with points colored
by the “gas fraction,” defined as the ratio of gas mass to
halo mass, at infall. These two panels differentiate be-
tween two factors that likely affect a satellite’s quench-
ing timescale: its ability to hold onto its gas (related to
the halo mass) and the relative size of its gas reservoir
(related to the gas fraction).
We see that at a given z = 0 stellar mass, those satel-
lites that take ∼ 5 Gyr to quench (points in the shaded
region labeled I) generally have larger halo masses and
gas fractions than those that quench rapidly. However,
these two factors are not always associated with each
other. For example, we note an outlier (labeled C)
which quenches rapidly despite having M∗ ∼ 108 M.
While the satellite has a large halo mass, it has a par-
ticularly low gas fraction, which distinguishes it from
similarly massive satellites and helps explain its much
shorter quenching timescale. Similarly, while the galax-
ies labeled A and B have similar stellar masses and gas
fractions, the lower halo mass of galaxy B helps explain
its ∼ 2 Gyr shorter timescale.
The right panel of Figure 6 combines the depth of the
potential well (Mhalo) and the relative size of the gas
reservoir (Mgas/Mhalo) into a single parameter: the ab-
solute gas mass at infall (Mgas = Mhalo × MgasMhalo ). The
quenching timescale is shown versus Mgas, and we see
a strong correlation, as the satellites with quenching
timescales of & 5 Gyr generally have large gas masses.
On this panel, points are colored by the ram pressure
felt by the satellite at infall, Pram = ρCGM v
2
rel, where
ρCGM is the density of the CGM at the satellite’s radial
distance from its host, and vrel is the satellite’s velocity
relative to its host.
At intermediate gas masses, (points in the shaded re-
gion labeled II), the satellites with longer quenching
timescales experience less ram pressure than others at
the same mass. While additional quenching processes
are likely at play, this dependence on Pram suggests
that ram-pressure stripping drives gas removal in these
rapidly quenching satellites, reaffirming previous theo-
retical work (e.g. Mayer et al. 2006; Simpson et al. 2018;
Tremmel et al. 2019) as well as interpretations of ob-
servations (Slater & Bell 2014; Fillingham et al. 2015).
Galaxies with even smaller gas reservoirs quench rapidly,
regardless of the ram pressure they feel, implying that
these galaxies have shallow gravitational potential wells,
in addition to small amounts of gas.
To further reaffirm the role of ram-pressure stripping
in quenching intermediate-mass satellites, we introduce
Figure 7, which shows gas density maps in three satel-
lites at their respective infall times. These satellites are
labeled as points D, E, and F in Figure 6, and vectors
in Figure 7 indicate the velocity of the CGM relative
to the satellite. Galaxies D and E both quench rapidly
and have gas masses in the regime where we see a strong
trend with Pram, and indeed, they show strong trails of
gas actively being stripped by ram pressure. In contrast,
galaxy F is a high-mass galaxy that is unquenched at
z = 0 despite having infell ∼ 5 Gyr ago. It does not
show evidence of significant ram-pressure stripping, as
we see only a small trail of low-density gas opposite its
direction of motion.
We note that Pram(tinfall) does not account for the
complexity of a satellite’s orbit, which can be impor-
tant when considering the effects of ram pressure. For
example, we note an outlier in the right panel of Fig-
ure 6 with Mgas ∼ 2 × 108 M, a quenching timescale
> 4 Gyr, and Pram & 2× 107 M kpc−3 km2 s−2. This
satellite shows a unique SFH, oscillating between bursts
of star-formation and periods of quiescence in the few
Gyr after infall. Though its relative velocity is large, its
radial velocity in the direction towards the host halo is
small, suggesting that it is on a low-eccentricity orbit
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Figure 6. Quenching timescale as it relates to stellar mass, gas mass, halo mass, and ram pressure. In all three panels, the
satellites shown are those that quench environmentally, defined as having tquench < 9.5 Gyr ago and a quenching timescale > −2
Gyr. Unlike in Figure 5, we show star-forming satellites, whose quenching timescales are lower limits, as open circles. Point
labels are referenced in the main text. Left: Quenching timescale as a function of z = 0 stellar mass, with points colored by their
halo mass at tinfall. The dotted vertical line separates the stellar mass regimes in which we expect quenching to occur rapidly
(< 108 M) versus inefficiently or not at all (> 108 M). Center: Quenching timescale as a function of z = 0 stellar mass,
with points colored by their halo gas fraction (Mgas/Mhalo) at infall. The dotted vertical line is the same as in the left panel.
Right: Quenching timescale, here shown as a function of gas mass at tinfall. The points are colored by the ram pressure felt
by the satellite at infall. At a given stellar mass, longer quenching times are correlated with both larger halo masses and larger
gas fractions. When, as in the right panel, the quenching times are plotted against the combination of these two parameters
(Mgas = Mhalo × MgasMhalo ), a strong positive correlation appears. A secondary dependency of quenching times on ram pressure is
also evident, with lower pressures resulting in longer quenching times.
D (1.1× 106) 15 kpc E (2.1× 106) 15 kpc F (1.5× 108) 30 kpc
103
104
105
G
as
D
en
si
ty
[M
¯
kp
c−
3 ]
Figure 7. Line-of-sight averaged gas density maps for three satellites at infall. In each panel, the view is rotated such that the
satellite’s velocity relative to its host points in the positive y-direction. The velocity vectors thus show the velocity of the CGM
relative to the satellite. Each panel is annotated with a letter (see Figure 6) and, in parentheses, the satellite’s stellar mass at
infall, in solar masses. For galaxy F, the velocity relative to the CGM is not in the same direction as the velocity relative to
the central halo because the satellite infell as part of a group. We see significant ram pressure trails in the low-mass satellites,
highlighting the efficiency of ram pressure in this mass regime.
Quenching Timescales of Dwarf Satellites 13
and doesn’t move quickly move towards regions of in-
creasing density. Furthermore, considering orbital prop-
erties only at tinfall may not show the full picture. For
rapidly quenching satellites, Pram(tinfall) is an appro-
priate metric for assessing the role of ram pressure as
Pram(tinfall) ≈ Pram(tquench), i.e. the ram pressure does
not change significantly over the quenching timescale.
However, for satellites that quench more slowly, the
satellite’s velocity and the environment through which
it moves can evolve significantly. Future work will ex-
plore the evolution of these satellites over their quench-
ing timescales, and account for the local variations in
the CGM density and temperature that can impact ram-
pressure stripping.
Finally, the long quenching timescales for satellites
with M∗ & 108 M are consistent with those determined
observationally (e.g. Fillingham et al. 2015; Phillips
et al. 2015), and imply that environmental quenching of
these satellites is much less efficient. Suppressed accre-
tion of pristine gas, rather than ram-pressure stripping,
may the dominant quenching mechanism in this mass
regime (Wheeler et al. 2014). Evidence for the decreas-
ing efficiency of ram-pressure stripping at these masses
can be seen in the right panel of Figure 6: most satel-
lites that remain star-forming do so in spite of high ram
pressure. It is clear that higher-mass satellites are re-
sistant to ram-pressure stripping. Likewise, the lack of
quenched galaxies with M∗ & 108 M implies all other
quenching processes in this mass range must also be slow
to the extent they are active at all. Indeed, our stellar
mass threshold corresponds to Mhalo(tinfall) ∼ 1010 M,
consistent with previous theoretical estimates of the
maximum halo mass at which ram pressure, aided by
tidal stripping, is efficient (Mayer et al. 2006).
5. CONCLUSIONS
Using the high-resolution DC Justice League simu-
lations, we have explored the quenched fractions and
quenching timescales of dwarf galaxies near Milky Way-
mass hosts. Our conclusions are summarized as follows:
1. The Justice League simulations accurately repro-
duce observations of the dwarf galaxies in the
LG, both with regards to satellite luminosity func-
tions and quenched fractions across 5 dex in stellar
mass. While we see variability between individual
simulations, this is largely consistent with obser-
vations of the LG and other nearby host-satellite
systems.
2. We find that intermediate-mass satellites (M∗ ∼
106−8 M) generally have short quenching
timescales of . 2 Gyr, indicating that quench-
ing is very efficient at this mass. However, several
satellites in this mass range do not quench rapidly,
instead continuing to form stars for as much as
5 Gyr after infall. These special cases generally
have larger gas fractions at infall than similarly
luminous satellites that quench rapidly.
3. We find a strong positive correlation between the
quenching timescale and the satellite gas mass
at infall. For satellites that quench rapidly, the
quenching timescale is also inversely correlated
with the ram pressure felt by the satellite at in-
fall. These correlations suggests that ram-pressure
stripping is the dominant quenching mechanism
for dwarf satellites with M∗ ∼ 106−8 M. The
presence of ram pressure trails in satellites within
this mass range further corroborates this finding.
4. We find a z = 0 stellar mass threshold of ∼
108 M, above which infalling satellites are largely
resistant to rapid environmental quenching and
can remain star-forming to z = 0 for as much
as 8 Gyr after infall. Only one of our satellites
with M∗ > 108 M is quenched and it has a mass
of 1.04 × 108 M. Below this threshold, only five
satellites remain star-forming, all of which fell into
their host halo ∼ 1–2 Gyr ago. This may point to
a characteristic mass scale at which the quenching
process—and with it the quenching efficiency—
shifts.
There is much further work to be done in analyzing
the Justice League suite of simulations. While this work
primarily focuses on the overall populations of dwarf
satellites in the Justice League, future work will investi-
gate the evolution of individual systems and their con-
tribution to the CGM. At present, we are using particle-
tracking to investigate the spatial distribution, tem-
perature, and density of satellite gas post-infall. Pre-
liminary results indicate that gas stripping timescales
are highly correlated with the quenching timescales of
intermediate-mass satellites, though dependent on gas
phase, and these results will appear in a future pa-
per. While it remains unclear the precise role that
each quenching mechanism may play in the quenching of
dwarf satellites, the Justice League simulations provide
a promising route by which to better understand these
processes.
Missing in this analysis are the quenched fractions and
quenching timescales of ultra-faint dwarfs (UFDs; M∗ <
105 M). Although the Justice League simulations used
in this work are run at “near-mint” resolution, these
dwarfs approach our resolution limit and may be subject
to additional uncertainty in the modeling of baryonic
physics. Additional Justice League runs at even higher
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“mint” resolution have been completed, allowing us to
explore UFD quenching more thoroughly. Future papers
(e.g. Applebaum et al., in prep) will explore quenching
in UFDs and the effects of reionization on these faint
galaxies.
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